The noradrenergic system of the locus coeruleus has been implicated in a variety of processes including reinforcement, attention, and acquisition and retention of learned behaviors. Its dense projections, some of which are shared by the cholinergic system , provide an ideal network within which to study the cognitive impairments related to aging. The current investigation explored the effects of piperoxane, an <X2 noradrenergic receptor antagonist, on the performance of 18-and 24-month-old rats in the Morris water maze and a step-down passive avoidance task. Piperoxane injections (3 mg/kg, IP) facilitated the performance of the 18-month-old animals to levels comparable to those of the 8-month-old saline controls in constant-start, novel-start, and goal rotation testing variations of the Morris water maze. With the exception of the 24-month-old saline control group, all rats displayed retention on the step-down passive-avoidance task when tested 24 hours after training.
in learning and memory (e.g., Amaral & Foss, 1975; Harley, 1991; Sara, 1985; Sessions, Kant, & Koob, 1976; Prado de Carvalho & Zornetzer, 1981; Zornetzer, 1986; Zornetzer, Abraham, & Appleton, 1978; Zornetzer & Gold, 1975) . Zornetzer and Gold (1975) have suggested that this structure is particularly important for memory consolidation. They have demonstrated that damage to the LC increases the susceptibility of a memory to disruption. In animals, a memory is commonly susceptible to interference for approximately three to six hours (Zornetzer et aI., 1978) ; however, lesions of the LC raise this susceptible time period to approximately 40 hours. The susceptibility of a memory to electroconvulsive shock-induced amnesia is raised to 7 days when the LC is unilaterally lesioned following a performance trial. Lesioning this structure before training increases this time to 14 days (Prado de Carvalho & Zornetzer, 1981) . Further, impairment on a place learning task following norepinephrine (NE) depletion has been reported (Decker & McGaugh, 1989) .
Piperoxane is one drug that has been examined for possible facilitatory effects upon learning and memory. It is likely that piperoxane activates the cells of the LC by blocking intranuclear inhibition, which is controlled by cx2 NE receptors (Cedarbaum & Aghajanian, 1976) . Zornetzer (1986) has demonstrated that repeated administration of piperoxane to 24-month-old mice resulted in performance levels comparable to those of young controls on an inhibitory avoidance task. Further, it has been proposed that through a piperoxane-mediated release from inhibition, the subsequent increases in firing rates in LC neurons augment the structural changes in cortical and hippocampal cells necessary for learning (Weiss et aI., 1986; Zornetzer, 1986) .
To reiterate, the mechanisms underlying age-related cognitive impairment are not fully understood at this time. The goal of the current project was to investigate the role of the LC, through administration of piperoxane, on the acquisition of simple and complex tasks in the Morris water maze and the retention of a step-down passive-avoidance test. The possible influence of the drug was evaluated using animals considered to be in late middle age (i.e., 18 months of age) and old age (i.e., 24 months of age).
Method

Subjects
The subjects were 37 male Fischer-344 rats. Thirty-two of the rats were 14 (n = 16) and 20 (n = 16) mo, respectively, at the beginning of the injection period. The remaining five rats were 4 mo of age at the beginning of the injection period. All rats were individually housed and maintained on a reverse 12 h Iight/12 h dark cycle, with lights on at 7:00 a.m. (local time). Throughout the experiment, the rats were maintained with ad lib access to food (Purina Rodent Chow) and water. All animals were treated in accordance with the "Ethical Principles of Psychologists and Code of Conduct" (American Psychological Association, 1992) under the supervision of the Georgia College Animal Care and Use Committee (IACUC). Before the injection period began, 8 of the 14-mo-old rats and 8 of the 20-mo-old rats were randomly assigned to piperoxane-treatment groups and the remaining 16 older rats (i.e., 14 and 20 mo) were assigned to saline treatment groups. Eight rats 18 mo of age and 4 rats 24 mo of age died during the experiment. These animals are not included in any subsequent descriptions or analyses. Thus, the experiment included five groups hereafter designated as follows: (a) an 8-mo-old saline control group (8 mo.-SAL; n = 5), (b) an 18-mo-old saline control group (18 mo.-SAL; n = 4), (c) a 24-mo-old saline control group (24 mo.-SAL; n = 6), (d) an 18-mo-old piperoxane-treatment group (18 mo.-PIP; n = 4), and (e) a 24-mo-old piperoxane-treatment group (24 mo.-PIP; n = 6).
Drug Injections
All rats received either 3 mg/kg of piperoxane (Sigma; 3 mg/ml) or a corresponding volume of isotonic saline once every 48 h for 4 months. 1 All injections were delivered IP. Throughout the injection period, injection site was varied to avoid peritoneal irritation. After a 2-week drug-free period constant-start training (see below) began.
Apparati
Spatial training and testing. All spatial testing was similar to that described by Eichenbaum, Stewart, and Morris (1990) and occurred in a circular swimming pool 145 cm in diameter and painted flat white. Water was filled to a depth of 30 cm and made opaque by the addition of a nontoxic paint (Sargant Art, Hazelton, PA). The pool was located in a testing room 17 m 2 in size, with tables, running wheels, and a single 150-W light visible from the pool. Additional illumination was provided by three 60-W light bulbs located over the swimming pool. An escape platform painted flat white and 22 cm x 15 cm in diameter was located 15 cm from the wall of the swimming pool and submerged 1 cm below the surface of the water. During constant-start training and novel-start testing, the platform was located in the northwest quadrant, and it was moved to the southeast quadrant for goal-rotation testing. For scoring purposes, all quadrants were marked on the outside, upper edge of the apparatus. Observers were blind to drug group assignment.
Step-down passive avoidance training.
Step-down passive avoidance training occurred in a standard operant chamber (Lafayette Model 84022) with a stainless steel electrified grid floor. Located in the center of a 21-cm x 28-cm chamber was a 10-cm x 10-cm wood block. A 1Zornetzer's (1986) protocol included 6 months of IP injections of piperoxane delivered once every 48 hours. While there was no a priori basis for choosing a 4-month injection period, we believe that this period was sufficient to test the effects of piperoxane. 0.3mA current was delivered to the feet of the rat whenever the animal left the wood block.
Procedure
Constant-start training. In this phase, training consisted of four daily trials with fixed start and escape loci. The platform was located in the northwest quadrant at a distance of 15 cm from the wall of the swimming pool. The rat began each trial facing the inner wall at the west end of the pool. On a given trial, if a rat reached ceiling, defined as 120 sec, it was placed on the platform. On all trials, the rats were permitted to remain on the platform for 20 sec. The rats were trained until they reached a criterion of three out of four escape latencies under 10 sec for 2 consecutive days.
Novel-start (probe) testing. One day after reaching the constant-start criterion , each animal began novel-start testing. Novel-start testing consisted of three 6-trial sessions. Trials 1, 2, 4, and 5 were identical to constant-start trials. Within each session, Trials 3 and 6 involved one of six novel-start loci presented once in the following order: north, west, northeast, southwest, northwest, and east. With the exception of the novel-start loci, the procedure was identical to constant-start training.
Goal rotation testing. For goal rotation testing, the platform was relocated to a position 180 0 (i.e., the southeast quadrant). Testing in this phase consisted of three 4-trial sessions that began in the north , south, east, or west quadrants and determination of the order of the start loci was determined in a pseudorandom manner. The remainder of the procedure was identical to that described in constant-start training.
Step-down passive avoidance training. Training on the passiveavoidance task involved placement on the "safe" platform and the recording of step-down latency. Rats who stepped down from the platform were immediately shocked for a 10-sec period and then removed from the operant chamber. All animals received one training trial and were retested 24 h later. For both trials, a ceiling of 120 sec was established.
Data Collection and Analysis
Escape latencies were timed with a stopwatch. Errors were defined as the number of crossings into an incorrect quadrant. In order to meet the assumptions of ANOVA, all data were assessed for normality and heterogeneity and transformed (either log10 or X = 11 X) as indicated (Winer, 1971) . The data were analyzed using one-between (Groups), onewithin (Trials or Blocks of Trials) mixed ANOVAs or one-way ANOVAs.
Results
Constant-Start Training
A one-way ANOVA comparing group performance on the number of sessions to the criterion of escape latencies under 10 seconds on three out of four trials for two consecutive sessions (days) revealed that the rats differed in the amount of training necessary to reach criterion, F (4, 20) = 3.23, P < .OS (see Figure 1 ). Closer analysis of this result with Tukey tests indicated that the 18 mo.-SAL, 24 mo.-SAL, and 24 mo.-PIP rats required significantly more training trials than the 8 mo.-SAL or 18 mo.-PIP rats.
CONSTANT START TRAINING
;: In all groups, escape latencies were large but decreased as a function of training. The 8 mo.-SAL and 18 mo.-PIP reduced their swim latencies at a faster rate than the other three groups, but similar mean response latencies were observed in all groups by the end of training. A mixed ANOVA was used to analyze early performance consisting of the first 12 trials. With the exception of Trial 1, data were collapsed into one three-trial block (Trials 2-4) and two four-trial blocks (Trials S-8 and 9-12). The data are summarized in Figure 2 . Application of an ANOVA to these data indicated that all groups improved as a function of training, F (3, 60) = 66.31, P < .0001, but that the groups differed in their escape latencies, 
Novel-Start (Probe) Testing
Unlike asymptotic performance on constant-start trials, when the novel start loci were introduced, the older saline rats and the 24-mo-old piperoxane rats were impaired in their ability to locate the submerged platform. In order to allow for direct comparison of swim latencies across start locations with considerably different minimum swim path distances, the recorded escape latencies for each novel start location were normalized. Normalization was accomplished by computation of the ratio of the minimum swim distance in centimeters for each novel start location to the minimum swim on regular (i.e., constant start) trials in centimeters. Analysis of the performance of the rats was accomplished by collapsing the latencies for the six trials preceding the probe trials (pre-probe performance) and collapsing the latencies for the six probe trials (probe performance). The results are summarized in Figure 3 . Analysis of the data using a mixed ANOVA revealed the following . Escape latencies were generally greater on probe than on pre-probe trials, F(1 , 19) = 56.19, P < .0001, and significant group differences were observed, F(4, 19) = 3.09, P < .05. However, the main effects must be considered in light of a significant Groups x Trials interaction, F(4 , 19) = 2.93 , P < .05. A breakdown of this interaction using Tukey tests revealed the following. All groups had comparable escape latencies on the preprobe trials. However, significant increases in escape latencies were observed in the 18 mo.-SAL, 24 mo.-SAL, and 24 mO.-PIP groups , suggesting that changing the start location disproportionately affected performance in these three groups. 
Goal Rotation Testing
Relocation of the escape platform to a novel location 180 0 from the constant-start location and implementation of four variable start locations differentially affected group latencies. As was the case during novel-start testing, changing the conditions of the task disrupted performance in the older saline rats and the 24-mo-old piperoxane rats. Conversely, the 8 mo-saline and 18 mo-piperoxane rats quickly learned the new escape position. The latencies for the 12 training trials are shown in Figure 4 . A one-between, one-within ANOVA applied to data in blocks of trials consisting of the first trial, the remainder of the first training session (Trials 2-4), the second session (Trials 5-8), and the third session (Trials 9-12) revealed the following. Main effects of trials, F(3, 60) = 30.92, P < .0001, and groups, F(4, 20) = 3.14, P < .05, were detected. A significant Groups x Blocks interaction was obtained, F(12, 60) = 3.96, P <.0001, indicating that group differences in the escape latencies became greater across training. A breakdown of this interaction with Tukey tests revealed that by the fourth block of training (Trials 9-12), the escape performances of the 8 mO.-SAL rats were superior to that of the 18 mo.-SAL, 24 mo.-SAL, and 24 mo.-PIP rats (ps c .05). Conversely, the escape latencies of the 8 mO.-SAL and 18 mo.-PIP rats were similar. Unlike escape latencies, application of a mixed ANOVA revealed that the number of errors declined across training, F(3, 60) = 24.62, P < .0001. The main effect of groups, F(4, 20) = 1.30, P > .05, and the Groups x Blocks interaction, F(12, 60) = 0.46, P > .05, failed to reach significance, indicating that the reduction in the number of errors across training was comparable across groups.
GOAL ROTATION
Step-Down Passive Avoidance Training
In the step-down passive avoidance task, with the exception of the saline-treated 24-mo-old saline rats, all rats demonstrated recall when tested 24 hours later. The data are summarized in Figure 5 . Application of a one-between, one-within ANOVA to these data revealed the following. Group differences failed to reach significance, F(4, 20) = 1.24, P > .05, but a main effect of trials was detected, F(1, 20) = 27.19, p < .0001. More important, a Group x Trials interaction was present, F (4, 20) = 4.71, P < .01, indicating that across training, group differences in stepdown latency appeared. Closer examination of this interaction with Tukey tests indicated that with the exception of the 24 mO.-SAL rats, all groups had significantly longer step-down latencies (all ps < .05) when tested 24 hours after initial training. Only performance of the 24 mO.-SAL rats deteriorated when retested 24 hours later.
PASSIVE-AVOIDANCE
-
Discussion
Consistent with other investigations using the passive-avoidance paradigm (e.g., Zornetzer, 1986) , aged animals (i.e., those 24-mo-old rats that received saline injections) were impaired in their ability to recall the footshock when tested 24 hours later. Because the other groups retained this information, it appears that, through an as yet undetermined mechanism, piperoxane facilitates performance on this task, even when the drug is not administered until 20 months of age. Although the 8-mo-old saline and 18-mo-old piperoxane-treated rats learned the constant-start task the fastest, by the conclusion of constantstart training, no performance deficits were found between the aged and young or saline-and piperoxane-treated animals.
In contrast to the constant-start results, only the 8-mo-old saline and 18-mo-old piperoxane animals quickly escaped when the novel-start and goal rotation conditions were imposed. This is consistent with other research on aging individuals that demonstrates an impairment in acquiring complex tasks (Barnes, 1979 (Barnes, , 1988 Barnes et aI., 1980; Goodrick, 1973; Zornetzer, 1986) . During the novel-start phase, locating the platform necessitated that the animal adjust its previously formed internal representation of the environmental cues in order to locate the escape platform from the new starting positions. To successfully complete the goal rotation task, the rat had to learn not only the new location of the platform, but also alter its internal representation of the environment to fit a novel starting point. Because these tasks are more complex than the constantstart condition, they require the flexible use of multiple cues to guide performance. It is possible that an age-related decrease in flexibility may account for a portion of the spatial memory deficits observed in aged rats.
The flexible use of a memory has been defined as the ability of that memory to be accessed in a variety of ways (Cohen & Eichenbaum, 1993; Eichenbaum et aI., 1990) . In other words, the rat must be able to remember the location of the escape platform relative to the many cues surrounding the water tank. In addition, the animal must be able to manipulate this representation in order to find the platform from a novel start position. Flexibility is increasingly important when the task involves not only novel starting points, but a new goal location as well. In both cases, the various perspectives of the distal cues overlap (Cohen & Eichenbaum, 1993) . This creates confusion when the animal cannot comprehend that a particular cue is on the right side of the tank when viewed from one perspective, and on the left when viewed from another (Cohen & Eichenbaum, 1993; Eichenbaum et aI., 1990) . Thus, the performance of the aged rats on the novel-start and goal rotation tasks may be, in part, attributed to a deficit in memory flexibility.
Although speculative, the behavioral deficits noted in the novel-start and goal rotation tests may be caused by damaged efferents to any of these regions, with results ranging from an inability to process sensory information to problems using visual information to accurately navigate through space. When administered to middle-aged animals, piperoxane may alleviate these decrements such that performance of 18-mo-old rodents treated with this drug is comparable to that of 8-mo-old saline control animals, even on relatively complex tasks.
One pertinent issue concerning the involvement of the LC in learning and memory is the specific role of NE, as the LC is the predominant subcortical site for NE synthesis. Neural sensitivity decreases with advancing age, and degeneration of NE neurons occurs in the early stages of Senile Dementia of the Alzheimer's type (Palmer et a!., 1987) . In addition, impairments in memorial functions can be induced by inhibition of NE synthesis (Zornetzer, 1986) . It has also been suggested that the NE projections from the LC are involved in information transfer within the forebrain (Olpe, Steinmann, & Jones, 1985) . In aged animals, levels of forebrain NE are markedly reduced (Goldman-Rakic & Brown, 1981) , which may in turn lead to a number of cognitive deficits. Another possibility is that increased firing of neurons in the LC leads to enhanced transfer of NE through its projections to the cerebral cortex, thus making the LC an essential component of learning and memory (Olpe et a!., 1985; Sessions et a!., 1976) .
Considering the number of advances made in the understanding of the neurobiology of learning and memory in recent years, it appears that there is more than one explanation for the diversity of the documented age-related cognitive impairments (Zornetzer, 1978) . One possible explanation may be found by examining the interaction of multiple neurotransmitter systems, especially between the NE and acetylcholine (Ach) systems (see Introvini-Collison & Baratti, 1992) . The dense projections from both the NE and Ach systems provide an ideal environment for the systems to interact, each one perhaps serving as an activity regulator for the other. A probable location for this interaction may be the cerebral cortex. There is common innervation of the cerebral cortex by both NE and Ach, and, in Layers I and II, the innervation is particularly dense (Zornetzer, 1986) . In addition to the cerebral cortex, the NE neurons of the LC and Ach neurons in the basal forebrain, diagonal band of Broca, medial septal area, and the hippocampus have common postsynaptic targets. In fact, release of NE in the septum reportedly increases Ach turnover in the hippocampus (Chen, Chiu, & Lee, 1992) . Because both of these systems show definite age-related degeneration, the NE and Ach connections may playa crucial role in learning and memory.
Precisely how activation of the LC could result in retention of youthful memory in aged individuals remains to be determined. Future research should attempt to answer this question, focusing on the activity of the noradrenergic system of the locus coeruleus in perceptual responses to environmental stimuli, motivation, emotion, stress, and modulation of attention. In addition, the role of this system in the acquisition, retention , and retrieval of memories should be further investigated, as each of these issues is critical to the comprehension of the functions served by brain structures involved in learning and memory. Supplementary examination is also necessary in order to determine if the faciliatory effects of <X2 antagonists are a function of a release from inhibition, an increase in neuronal firing rates , or an improvement in the cells that were not destroyed. It is likely a combination of all of these, perhaps even including a mechanism that has yet to be discovered. In conjunction with these efforts, the extent to which noradrenergic and cholinergic interactions are involved in agerelated cognitive impairment, as well as the location of these interactions, should also be considered. Future research should strive to better understand these processes and ultimately improve the quality of life for the aged population. With these ideas in mind, future research should focus on the specific role of the LC in spatial learning and memory. In addition, our laboratory will examine not only the generality of the present results with a larger sample size but also attempt to determine the underlying pharmacological effects of piperoxane on LC function and possible alterations to brain levels of NE, independent of the drug's antihypertensive effects (Feldman & Quenzer, 1984) .
